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EXECUTIVE SUMMARY 

Calhoun County Groundwater Conservation District (GCD), Texana County GCD, Refugio County GCD, 

and Victoria County GCD (the Districts) are working together to develop and integrate their monitoring 

programs.  The Districts have jointly funded this report to accomplish the following:    

Á Provide guidance and information on the drilling and construction of monitoring wells at 
different depths;  

Á Assign wells to aquifers based on the current stratigraphic data used to represent the tops and 
bottoms of aquifer in GMA 15, 

Á Provide guidance and protocols for measuring water levels; 
Á Establish criteria for evaluating the adequacy of well coverage; 
Á Investigate approaches for quantifying uncertainty using geostatistical techniques and 
ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜƛǊ ŀǇǇƭƛŎŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ 5ƛǎǘǊƛŎǘǎΩ ǿŀǘŜǊ ƭŜǾŜƭ ŘŀǘŀΤ 

Á Provide suggested locations for expanding the monitoring well network. 

The report is partitioned into seven sections. Section 1 introduces the reader to GMA 15, the Districts, 

the report objectives, and the report outline. The introduction cites several Texas statutes from the 

Texas Water Code (TWC) that give GCDs the responsibility, the authority, and the ability to establish and 

operate a monitoring well program.  

Section 2 describes the three sets of stratigraphic surfaces that are relevant to hydrogeologic studies in 

GMA 15. These three sets of surfaces will be referred to as: (1) Groundwater Availability Model 

(GAM) 15, (2) GAM 15 & 16, and (3) the Texas Water Development Board (TWDB) Study. Section 2 

provides a tabulation of 2,337 monitoring wells located in the four counties managed by the Districts: 

Victoria, Jackson, Calhoun, and Refugio counties. For each monitoring well, an aquifer assignment is 

made for each of the three surfaces. Where possible, the intersection between the monitoring well 

screen thickness and the TWDB surface is used to assign the aquifer. If no screen information is 

available, the total depth of the monitoring well is assumed to be representative of the longest screen 

interval within the monitoring well. 

Section 3 ǇǊŜǎŜƴǘǎ ƘȅŘǊƻƎǊŀǇƘǎ ŦƻǊ ǘƘŜ 5ƛǎǘǊƛŎǘǎΩ ƳƻƴƛǘƻǊƛƴƎ ǿŜƭƭǎΣ ǇǊƻǾƛŘŜǎ ǇǊƻǘƻŎƻƭǎ ŦƻǊ ƳŜŀǎǳǊŜŘ 

water levels, and discusses an approach for flagging measured water levels that appear to be 

unrepresentative of aquifer conditions. The water levels in the hydrographs are marked with two types 

of flags. One flag type is represented by the color of the measured water level. The other flag type is 

ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀ ά·έ superimposed on the measured water level. The color of the measured water 

levels indicates the date that the water level measurement was taken. Based on INTERAΩǎ analysis of 

water levels in the Gulf Coast Aquifer, an appropriate set of dates for assessing long-term regional 

trends in water levels is the first four months of a  year. During those four months, irrigation is either 

minimal or non-existent and the water levels are typically undergoing a slight rebound from higher 

pumping  during the summer. The ŎǊƛǘŜǊƛƻƴ ŦƻǊ ǇƭŀŎƛƴƎ ŀƴ ά·έ ƻƴ ǘƻǇ ƻŦ ŀ ƳŜŀǎǳǊŜŘ ǿŀǘŜǊ ƭŜǾŜƭ ƛǎ ǘƘŀǘ 

the difference between a measured water level and its preceding value is greater than the standard 

ŘŜǾƛŀǘƛƻƴ ŦƻǊ ǘƘŜ ǎŜǊƛŜǎ ƻŦ ƳŜŀǎǳǊŜŘ ǿŀǘŜǊ ƭŜǾŜƭǎ ŀǘ ǘƘŜ ǿŜƭƭΦ !ǘ ǎƻƳŜ ǿŜƭƭǎΣ ǘƘŜ ά·έ likely represents an 

outlier or a bad measurement that should be evaluated for possible removal from the analysis because 

it may not be representative of aquifer conditions near a well. 

Section 4 discusses the administrative and technical considerations for assessing the adequacy of a 

monitoring network. The administrative considerations were developed based on a review of TWC rules 
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and management plans of the Districts, DFCs adopted by GMA 15, ŀƴŘ ǘƘŜ 5ƛǎǘǊƛŎǘǎΩ permit regulations. 

The technical considerations were developed based on evaluations involving the design of a well 

monitoring network and determining an average water level for an entire county based on measured 

water levels. The technical considerations were assembled from discussions with Gulf Coast GCDs, from 

reports / papers related to the design of District well monitoring networks, and from the technical 

requirements to perform an evaluation of DFCs.  Among the findings in Section 4 are:  

Á The TWC does not require GCDs to monitor groundwater levels. 
Á A significant impetus for GCDs to have a monitoring network is to evaluate DFC compliance 
Á Neither the TCEQ nor the TWDB have provided any guidance or assistance GCD to help establish 

consistency in the groundwater monitoring programs among GCDs 
Á Geostatistical methods were determined to be more appropriate than classical statistical 

methods for supporting the design of  monitoring well networks and interpolating  measured 
water levels 

Á Out of the fourteen surveyed GCDs in GMA 16 and 15, eight GCDs had more than 20 wells and 
five GCDs monitored less than 10 wells in their monitoring well network.   

Section 5 discusses GCD management responsibilities that are associated with monitoring water levels 

and overviews a geostatistical method for interpolation called kriging. TWC §36.0015 states that GCD 

are state's preferred method of groundwater management, and they are charged with using the best 

available science in the conservation and development of groundwater through rules developed, 

adopted, and promulgated by a district. The TWC also lists specific groundwater GCD management 

issues for water levels are required. These issues include: DFCs, conjunctive surface water management, 

pumping impacts to environmental conditions, characterization of hydrologic conditions, and developing 

water balances for aquifers. Without a knowledge of the uncertainty associated with analyses used to 

manage groundwater production, GCDs may not be in the ideal position for making a well-informed 

decision. The report discusses three approaches that are commonly used to estimate uncertainty 

associated with kriging. Kriging is the interpolation method used by the Districts to assess their DFC 

compliance using measured water levels from 2000 to 2021. These three approaches are: calculating the 

kriged variance, performing cross-validation, and generating Sequential Gaussian Simulations (SGS). The 

reports apply these three methods to calculate measures of uncertainty associated with the analyses of 

the 2021 measured water levels. Results from the SGS show that the results from Kriging with residuals 

produces significantly less uncertainty than the results with Kriging with water levels.  

Section 6 discusses the considerations for expanding the size of the monitoring well network and 

identifies candidate locations for new monitoring wells. Among the GCDs  management responsibilities 

related to monitoring  water levels is evaluating compliance ǘƻ ǘƘŜ D/5Ωǎ 5C/Φ ¢ƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ 

evaluating DFC compliance was echoed in the responses from a Groundwater Advisory Committee 

(GWAC) that was created by VCGCD. Section 6 proposes new candidate well locations  for each of the 

ŦƻǳǊ D/5ǎΩ monitoring well network.   Each new well location is associated with a level of relative 

importance .  Table ES-1 provides a brief explanation of the three levels. Level 1 is the highest priority. 

Level 3 is the lowest priority and Level 2 is an intermediate priority.  
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Table ES-1 Description of the Three Monitoring Levels that are Assigned to Proposed Areas for Expansion of 

the Monitoring Network  

Monitoring Level Purpose 

Level 1 
Highest 
Priority 

Fill in gaps in well coverage to support geostatistical analysis that produce 
continuous water level surfaces that can be used to estimate temporal changes in 
water levels and flow directions and to check DFC compliance.  

Level 2 
Intermediate 

Priority 

Obtain access to a former rig supply well that is located in an area where a Group 2 
well may not be accessible or where monitoring a rig supply well would be preferred 
over a Group 2 well. In some cases, to monitor an area where no wells are in the 
current monitoring well network.  

Level 3 Low Priority 
Provide the opportunity to monitor groundwater -surface water interaction by 
measuring water level in a shallow groundwater well located in the vicinity of a 
stream gauge.  

Table ES-2 lists the number of wells that have been previously used to monitor water levels and the 

number of proposed new locations for monitoring wells by county and by aquifer. The existing 

monitoring wells are comprised of two well groups: Group 1 and Group 2. Group 1 wells have been 

monitored since 2016. Group 2 wells have been monitored between 2000 and 2016. The proposed new 

well locations are designated by the monitoring areas associated with priorities levels 1 to 3. For each of 

the monitoring areas, a list of possible wells in the TWDB Submitted Drillers Reports (DSR) are tabulated 

for consideration by the District.   

 

Table ES-2 Distribution of Existing and Proposed New Well Location for the Monitoring Network for Calhoun, 

Jackson, Refugio, and Victoria Counties  

County Aquifer 
Existing Wells Proposed New Well Locations (SDR) Total  

Group 1 Group 2 Level 1 Level 2 Level 3 Existing Proposed  

Calhoun 
CH 11 9 4 3 1 20 8 

EV 0 0 0 0 0 0 0 

Jackson 
CH 58 22 3 4 3 80 10 

EV 5 3 5 0 0 8 5 

Refugio 
CH 13 14 4 3 0 27 7 

EV 2 7 3 2 0 9 5 

Victoria 
CH 39 45 2 2 2 84 5 

EV 16 26 5 3 2 42 10 

Total  
CH 121 90 12 12 6 211 30 

EV 23 36 13 5 2 59 20 

 

Section 7 provides guidelines for the design of three types of monitoring wells that may be installed by a 

GCD in the Gulf Coast Aquifer System. The three types are:  

1. A well constructed from PVC that terminates between 100 and 800 feet below ground service.  
2. A well constructed from steel that terminates between 800 and 1,500 feet below ground 

surface.  
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3. A well that terminates between 500 and 2,000 feet below ground surface that was constructed 
by converting an abandoned oil & gas well. 
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1.0 INTRODUCTION  

1.1 Background  

The Texas Water Code (TWC) §36.0015 states that Groundwater Conservation Districts (GCDs) are the 

ǎǘŀǘŜΩǎ ǇǊŜŦŜǊǊŜŘ ƳŜǘƘƻŘ ƻŦ ƎǊƻǳƴŘǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ŎƘŀǊƎŜŘ ǿƛǘƘ ǘƘŜ ǊŜǎǇƻƴǎƛōƛƭƛǘȅ 

to use the best available science in the conservation and development of groundwater. Among the 

responsibilities that the TWC provides GCDs is establishing Desired Future Conditions (DFCs) for aquifers 

with due considerations for pumping impacts on aquifer hydrologic conditions, on the water balance 

and on groundwater exchange within and between aquifers, on groundwater ς surface water 

interactions, and on land subsidence. All of the GCDs that manage the Gulf Coast Aquifer have DFCs that 

are based on changes in water levels over time. To support the GCDsΩ ability to monitor the aquifer 

conditions, the TWC authorizes GCDs to collect any information deemed necessary to accomplish their 

missions and to enter private or public land to collect hydrogeologic data and perform tests as they 

deemed necessary.  

Despite the importance of monitoring water levels to the management and stewardship of groundwater 

resources, there is no general guidance provided by the Texas Water Development Board (TWDB) or the 

Texas Commission on Environmental Quality (TCEQ) for designing and implementation a groundwater 

monitoring program to support compliance evaluation of DFCs. In addition, the Texas Alliance of 

Groundwater Districts has not developed guidelines to assist GCDs with the collection and analysis of 

monitoring data. The lack of guidance with monitoring groundwater has resulted in GCDs located within 

the same Groundwater Management Areas (GMAs) having different approaches with collecting and 

analyzing water level data to evaluate DFC compliance.  

Most of the GCDs in the GMA 15 have a commitment in their Monitoring Plan to maintaining a 

monitoring program and to use measured water levels to check DFC compliance. Four of these GCDs are 

working together to coordinate their monitoring programs. These four GCDs are Calhoun County GCD, 

Texana County GCD, Refugio County GCD, and Victoria County GCD. These four districts will be 

collectively referred to as the Districts throughout the report.  

1.2 Report Objectives  

The report expands on two studies (Young and others, 2021; Young, 2022) recently completed by the 

Districts that applied geostatistical techniques to analyze measured water levels from 2000 to 2021 to 

determine DFC compliance.  

¢ƘŜ ǊŜǇƻǊǘΩǎ ǎǇŜŎƛŦƛŎ ƻōƧŜŎǘƛǾŜ ƛǎ ǘƻ ǇǊƻǾƛŘŜ approaches, guidance, and protocols ŦƻǊ ǘƘŜ 5ƛǎǘǊƛŎǘǎΩ 

consideration for installing monitoring wells, assigning wells to aquifers, measuring water levels, 

establishing criteria for evaluating the adequacy of well coverage, investigating the quantifying 

uncertainty using geostatistical techniques, and expanding the monitoring well network.  

  



Final: Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations  
to Support the Development of a Reliable Program for Monitoring Water Levels 

2 

1.3 Report Outline  

The report consists of eight sections including Section 1, which is the introduction. Each section 

addresses a specific aspect of groundwater monitoring. The sections are organized and aligned with the 

project tasks outlined in an INTERA proposal for the work. Although there are some interconnections 

among the sections, each section can be read independently of each other. Listed below is a summary of 

the report sections 2 through 8.  

Á Section 2 describes three different sets of stratigraphic surfaces being used to delineate the tops 
and bottoms of the Gulf Coast Aquifer System in GMA 15  

Á {ŜŎǘƛƻƴ о ǇǊŜǎŜƴǘǎ ƘȅŘǊƻƎǊŀǇƘǎ ŦƻǊ ǘƘŜ 5ƛǎǘǊƛŎǘǎΩ ƳƻƴƛǘƻǊƛƴƎ ǿŜƭƭǎΣ ǇǊƻǾƛŘŜǎ ǇǊƻǘƻŎƻƭǎ ŦƻǊ 
measured water levels, and discusses an approach for flagging measured water levels that 
appear to be unrepresentative of aquifer conditions  

Á Section 4 discusses the administrative and technical considerations for assessing the adequacy 
of a monitoring network.  

Á Section 5 discusses GCD management responsibilities that are associated with monitoring water 
levels, provides an overview of geostatistical method for interpolation called kriging, and three 
approaches that are commonly used to estimated uncertainty associated with kriging: the kriged 
variance, performing cross-validation, and sequential Gaussian simulations 

Á Section 6 discusses the considerations for expanding the size of the monitoring well network 
and identifies candidate locations for new monitoring wells.  

Á Section 7 provides guidelines for the design of monitoring wells for the Gulf Coast Aquifer 
System.  

Á Section 8 lists the cited references. 
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Figure 1-1 Location of Calhoun County GCD, Texana GCD, Refugio County GCD, and Victoria County GCD
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2.0 ASSIGNMENT OF AQUIFERS TO WATER WELLS RECORDED IN THE 

DISTRICTõS DATABASE  

2.1 Background 

There are currently three sets of stratigraphic surfaces that are relevant to hydrogeologic studies in 

GMA 15. These three sets of surfaces will be referred to as: (1) Groundwater Availability Model (GAM) 

15, (2) GAM 15 & 16, and 3) the TWDB Study. A brief description of these three sets of surfaces can be 

found in Sections 2.1, 2.2, and 2.3, respectively. 

Appendix 2A is a tabulation of 2,337 monitoring wells located in Victoria, Jackson, Calhoun, and Refugio 

counties. The tabulation includes well construction specifications and aquifer assignments for the three 

stratigraphic data sets discussed below. The aquifer assignments are based on the bottom of the well 

unless the depth to top and bottom of screen is available. The aquifer assignment indicates which Gulf 

Coast aquifer the well screen intersects.  

Figures 2-1 through 2-11 visualize the aquifer assignments in Appendix 2A along with aquifer 

assignments associated with wells in other counties in GMA 15. All the wells shown in the figures were 

used in the water level analysis discussed by Young and others (2021). Figures 2-1 to 2-3 show the 

aquifer assignments for wells based on the three different stratigraphic data sets for 13 counties in GMA 

15. Figures 2-5 to 2-7 show the same data in Figures 2-1 to 2-3 but for only four counties: Victoria, 

Jackson, Calhoun, and Refugio. Figures 2-4 and 2-8 show the formation assignments for the wells based 

on the TWDB study. The stratigraphic surfaces generated by the TWDB study included the formations 

that comprise the Chicot, Evangeline, and Jasper aquifers. Figures 2-9 to 2-12 show the locations of wells 

where different aquifer assignments occur among the three stratigraphic data sets.  

2.2 Aquifer Assignments using the GMA 15 Stratigraphic Surfaces 

The GMA 15 Groundwater Availability Model (GAM) data set refers to the tops and bottoms of the 

aquifers in the central Gulf Coast GAM (Chowdhury and others, 2004) that is currently the official GAM 

for GMA 15. The aquifer surfaces are based largely on the Source Water Assessment and Protection 

(SWAP) stratigraphic studies conducted in the 1970s and 1980s but not documented until the 2003 

(Strom and others, 2003a, b, c). The primary source of data used to construct the SWAP surfaces 

consists of digitized points taken from the surface contours for the Chicot and Evangeline aquifers found 

in Carr and others (1985). Carr and others (1985) do not provide control points for these contours, nor 

do they explain the method used to develop the contours. Thus, the uncertainty associated with the 

original contours is largely unknown. In developing its SWAP data set, the United States Geological 

Survey (USGS) blended the information from Carr et al. (1985) with information from Jorgensen (1975), 

Baker (1979, 1986), and geologic outcrops mapped on the Texas .ǳǊŜŀǳ ƻŦ 9ŎƻƴƻƳƛŎ DŜƻƭƻƎȅΩǎ όBEG's) 

GAT (Geological Atlas of Texas) sheets.  

INTERA used the available information from 2,802 monitoring wells that span the 13 counties in GMA 15 

to assign aquifers based on the GMA 15 stratigraphic surfaces. Where possible, the intersection 

between the monitoring well screen thickness and the GMA 15 surface is used to assign the aquifer. If 

no screen information is available, the total depth of the monitoring well is assumed to be 
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representative of the longest screen interval within the monitoring well. If neither screen interval nor 

depth information is available, the monitoring well aquifer assignment cannot be determined and its 

default assƛƎƴƳŜƴǘ ƛǎ ά5ŜŜǇέ όCƛƎǳǊŜ 2-1).  

Figure 2-1 shows the GMA 15 aquifer assignments on the GMA 15 monitoring well network. Based on 

the GMA 15 surfaces, most of the monitoring wells with aquifer assignments within the GMA 15 area (n 

= 2163) represent the Chicot Aquifer (n = 1163; 54%). The Evangeline Aquifer makes up 43% (n = 929) of 

the monitoring well network, the Burkeville makes up 1% (n = 19), and the Jasper makes up 2% (n = 52).  

Figure 2-5 shows the same GMA 15 aquifer assignments but is focused on four counties within GMA 15: 

Victoria, Jackson, Calhoun, and Refugio. Based on the GMA 15 surfaces, most of the monitoring wells 

with aquifer assignments within these four counties (n = 1641) represent the Chicot Aquifer (n = 980; 

60%). The Evangeline Aquifer makes up 40% (n = 657) of the monitoring well network. 

2.3 Aquifer Assignments using the GMA 15 & 16 Stratigraphic Surfaces 

The GMAs 15 & 16 GAM data set refers to the tops and bottoms of the aquifers in the central Gulf Coast 

GAM (Shi and Boghici, 2022 ) that was developed for use by the GMA 15 and 16. The draft for the GMAs 

15 & 16 GAM was completed in April 25, 2022 and neither have been adopted nor finalized by the 

TWDB. The surfaces for the GMAs 15 & 16 GAM were created by integrating the geophysical data from 

three studies: (1) Hydrostratigraphy of the Gulf Coast ς Brazos to the Rio Grande (Young and others, 

2010); (2) Brackish Resource Aquifer Characterization System (BRACs) database (TWDB, 2018); and (3) 

Hydrogeologic Framework for Northern Gulf Coast Aquifer (Young and others, 2012).  

INTERA used the available information from 2802 monitoring wells that span the 13 counties in GMA 15 

to assign aquifers based on the GMA 15 & 16 stratigraphic surfaces. Where possible, the intersection 

between the monitoring well screen thickness and the GMA 15 & 16 surface is used to assign the 

aquifer. If no screen information is available, the total depth of the monitoring well is assumed to be 

representative of the longest screen interval within the monitoring well. If neither screen interval nor 

depth information is available, the monitoring well aquifer assignment cannot be determined and its 

ŘŜŦŀǳƭǘ ŀǎǎƛƎƴƳŜƴǘ ƛǎ ά5ŜŜǇέ όCƛƎǳǊŜ н-2).  

Figure 2-2 shows the GMAs 15 & 16 aquifer assignments on the GMA 15 monitoring well network. Based 

on the GMAs 15 & 16 surfaces, most of the monitoring wells with aquifer assignments within the GMA 

15 area (n = 2170) represent the Chicot Aquifer (n = 1281; 59%). The Evangeline Aquifer makes up 37% 

(n = 801) of the monitoring well network, the Burkeville makes up 1% (n = 16), and the Jasper makes up 

3% (n = 72).  

Figure 2-6 shows the same GMAs 15 & 16 aquifer assignments but is focused on four counties within 

GMA 15: Victoria, Jackson, Calhoun, and Refugio. Based on the GMA 15 surfaces, most of the monitoring 

wells with aquifer assignments within these four counties (n = 1641) represent the Chicot Aquifer (n = 

1105; 67%). The Evangeline Aquifer makes up 33% (n = 535) of the monitoring well network. 
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2.4 Aquifer Assignments using the TWDB Stratigraphic Surfaces 

The TWDB Aquifer data set refers to the tops and bottoms of the aquifers developed by Young and 

others (2010; 2012). Among the reasons for the TWDB study was to generate a defensible set of 

stratigraphic surfaces that are based on the analysis of geophysical logs using state-of-the-practice 

based on sequence stratigraphy and chronostratigraphic correlations. The framework for the 

geophysical analysis is rooted in the Gulf Basin Depositional Synthesis Project (GBDS). The GBDS project 

was generated by the BEG and funded by a consortium of petroleum companies to characterize the 

Cenozoic depositional history of the Gulf of Mexico Basin. Among the key papers that explains some of 

these concepts and methods are Galloway (1989), Galloway and others (2000), and Galloway (2005).  

INTERA used the available information from 2802 monitoring wells that span the 13 counties in GMA 15 

to assign aquifers based on the TWDB stratigraphic surfaces. Where possible, the intersection between 

the monitoring well screen thickness and the TWDB surface is used to assign the aquifer. If no screen 

information is available, the total depth of the monitoring well is assumed to be representative of the 

longest screen interval within the monitoring well. If neither screen interval nor depth information is 

available, the monitoring well aquifer assignment cannot be determined and its default assignment is 

ά5ŜŜǇέ όCƛƎǳǊŜ 2-3). 

Figure 2-3 shows the TWDB aquifer assignments on the GMA 15 monitoring well network. Based on the 

TWDB surfaces, 62% of the monitoring wells within the GMA 15 area (n = 2162) that were assigned to 

the Chicot Aquifer (n = 1346). The Evangeline Aquifer makes up 33% (n = 724) of the monitoring well 

network, the Burkeville makes up 1% (n = 24), and the Jasper makes up 3% (n = 68).  

The TWDB stratigraphic surfaces paired with the GMA 15 monitoring wells are further depicted by the 

geologic formations that make up each of the four aquifers (Figure 2. 2.4). The Beaumont (n = 262), 

Lissie (n = 783), and Willis (n = 301) formations make up the Chicot Aquifer. The Upper Goliad (n = 534), 

Lower Goliad (n = 89), and Upper Lagarto (n = 101) formations make up the Evangeline Aquifer. The 

Middle Lagarto (n = 24) formation represents the Burkeville Aquifer. The Lower Lagarto (n = 31) and 

Oakville (n = 37) formations make up the Jasper Aquifer.  

Figure 2-7 shows the same TWDB aquifer assignments but is focused on four counties within GMA 15: 

Victoria, Jackson, Calhoun, and Refugio. Based on the TWDB surfaces, most of the monitoring wells with 

aquifer assignments within these four counties (n = 1641) represent the Chicot Aquifer (n = 1170; 71%). 

The Evangeline Aquifer makes up 29% (n = 470) of the monitoring well network. 
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Figure 2-1 Aquifer assignments based on the stratigraphy from the Groundwater Available Model developed 
for GMA 15 (Chowdhury and others, 2004) for 13 counties. The Deep assignment includes wells 
with no depth information. The Shallow assignment includes well locations outside of the Gulf 
Coast Aquifer System footprint.  
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Figure 2-2 Aquifer assignments based on the stratigraphy from the Groundwater Available Model developed 
for GMA 15 & 16 (Shi and Boghici, 2022) for 13 counties. The Deep assignment includes wells with 
no depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-3 Aquifer assignments based on the stratigraphy from the TWDB Study for the Northern Gulf Coast 
System (Young and others, 2012) for 13 counties. The Deep assignment includes wells with no 
depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-4 Formation assignments based on the stratigraphy from the TWDB Study for the Northern Gulf 
Coast System (Young and others, 2012) for 13 counties. The Deep assignment includes wells with 
no depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-5 Aquifer assignments based on the stratigraphy from the Groundwater Available Model developed 
for GMA 15 (Chowdhury and others, 2004 ) for 4 counties. The Deep assignment includes wells 
with no depth information. The Shallow assignment includes well locations outside of the Gulf 
Coast Aquifer System footprint.  
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Figure 2-6 Aquifer assignments based on the stratigraphy from the Groundwater Available Model developed 
for GMA 15 & 16 (Shi and Boghici, 2022) for 4 counties. The Deep assignment includes wells with 
no depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-7 Aquifer assignments based on the stratigraphy from the TWDB Study for the Northern Gulf Coast 
System (Young and others, 2012) for 4 counties. The Deep assignment includes wells with no 
depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-8 Formation assignments based on the stratigraphy from the TWDB Study for the Northern Gulf 
Coast System (Young and others, 2012) for 13 counties. The Deep assignment includes wells with 
no depth information. The Shallow assignment includes well locations outside of the Gulf Coast 
Aquifer System footprint.  
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Figure 2-9 Well locations with different well assignments based on the stratigraphy associated with the 
GMA 15 GAM (Chowdhury and others, 2004) and GMA 15 & 16 GAM (Shie and Boghici, 2022). 
Wells are plotted based on aquifer assignments from GMA 15 GAM (Chowdhury and others, 
2004). 
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Figure 2-10 Well locations with different well assignments based on the stratigraphy associated with the 
GMA 15 GAM (Chowdhury and others, 2004) and GMA 15 & 16 GAM (Shi and Boghici, 2022). 
Wells are plotted based on aquifer assignments from The MA 15 & 16 GAM (Shi and Boghici, 
2022). 
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Figure 2-11 Well locations with different well assignments based on the stratigraphy associated with the 
GMA 15 GAM (Chowdhury and others, 2004) and the TWDB Study for the Northern Gulf Coast 
System (Young and others, 2012). Wells are plotted based on aquifer assignments from the 
GMA 15 GAM (Chowdhury and others, 2004). 
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Figure 2-12 Well locations with different well assignments based on the stratigraphy associated with the 
GMA 15 & 16 GAM (Shi and Boghici, 2022). and the TWDB Study for the Northern Gulf Coast 
System (Young and others, 2012). Wells are plotted based on aquifer assignments from the 
GMA 15 & 16 GAM (Shi and Boghici, 2022).  
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3.0 DEVELOPMENT OF PROTOCOLS FOR FLAGGING MEASURED 

WATER LEVELS THAT APPEAR TO BE UNREPRESENTATIVE OF 

ACTUAL WATER LEVEL CONDITIONS. 

3.1 Background 

A key metric for assessing the impacts of pumping on groundwater resources is changes in water levels 

over time. In GMA 15, the DFCs for all member GCDs are tied to changes in water levels. In order to 

develop a reliable and defensible set of measured water levels, a set of protocols for measuring water 

levels should be developed and followed. These rules should provide sufficient instructional detail so 

that different personnel following the protocols will measure the water level using the same repeatable 

and reproducible method.  

Besides having a set of field-tested and vetted protocols for measuring water levels, another 

prerequisite for developing a useful database of measured water levels is that seasonal fluctuations in 

water levels have been properly accounted for. Numerous studies across the state have demonstrated 

that well water levels often experience seasonal fluctuations that are related to seasonal changes in 

recharge and/or pumping. As a general rule, the highest and lowest water levels typically occur during 

the winter months and summer months, respectively. Lower water levels usually occur during the 

summer because of high pumping rates related to irrigation, livestock, and domestic use.  

Figure 3-1 shows the importance of seasonal fluctuation in Wharton County, which is immediately east 

of Jackson County. Figure 3-1 shows the average of monthly water levels from 15 monitoring wells from 

2005 to 2020. The highest and lowest water levels typically occur every year near March and September, 

respectively. The primary cause for the seasonal water level fluctuations is that groundwater is used to 

irrigate rice farms during the late Spring and Summer months. There are two potentially important 

observations in the water level data presented in Figure 3-1. One observation is that there can be a 

substantial difference between lowest and highest monthly averages in a single year. Another 

observation is that there is considerably less variability in the highest annual water levels than there is in 

the lowest annual water level for the 15 years of record.  

Water levels are more sensitive to changes in pumping in a confined aquifer than in an unconfined 

aquifer. The difference in sensitivity exists because well water levels change in an confined aquifer 

occurs because of a pressure head change whereas well water levels change in a unconfined aquifer 

occurs because of desaturation of the aquifer. In most situations, the change in water pressure in a 

confined aquifer is transmitted across miles within a few hours whereas water levels in an unconfined 

aquifer would require days or weeks to be transmitted across miles. The relatively quick response of 

well water levels in a confined aquifer complicates the process of obtaining a representative water level 

during an irrigation season where pumping rates could be changing weekly. Because of these 

sensitivities, differences in annual summer-time water level measurements can more reflective of 

changes in recent production amounts than changes in the regional water levels than differences in 

annual winter-time water level measurements.  

With respect to evaluating compliance to drawdown-based DFCs, water levels measured in the winter 

time are preferred over water levels measured in a summer time. However, a monitoring program 

should consider the benefits of obtaining summer-time measurements of water levels in order to assess 
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the potential importance of seasonal fluctuations in water levels. In some situations, seasonal water 

level information may be necessary to properly evaluate the impact of permitted production on nearby 

wells as part of the ŘƛǎǘǊƛŎǘΩǎ ǿŜƭƭ ǎǇŀŎƛƴƎ ǊǳƭŜǎ ƻǊ as part of a district hydrogeologic impact study for 

permitting a non-exempt well.  

3.2 Averages of Measured Water Levels 

Appendix 3A provides selected hydrographs for Calhoun, Jackson, Refugio, and Victoria counties. The 

water levels represent averages of water level measurement during the non-irrigation months. For this 

analysis, the non-irrigation months included a six-month period from November to April. The modeled 

water levels were extracted from a GAM. Chowdhury and others (2004) developed and used for 

GMA 15. The hydrographs provide information regarding the following three potentially important 

relationships.  

Á A comparison between modeled and measured water levels  
Á The consistency among the annual averaged water levels at a well  
Á An estimate of the linear trend of water level change over the period of record 

A review of the plots reveals the following:  

Á Where the GAM is not providing reliable simulation of water level trends (i.e., Chicot Wells 31 
and 11 in Jackson County). 

Á Where the GAM is not providing reliable simulation of water level elevation (i.e., Chicot Wells 
223 and 126 in Victoria County).  

Á There is a substantial range of the elevation of annual water levels for a few wells (i.e., 
Evangeline Wells 90 and 239 in Victoria County). 

Á Several wells appear to have at least annual water levels that appear to be outliers (i.e., Chicot 
Wells 61 and 214 in Refugio County). 

3.3 Measured Water Levels 

Appendix 3B provides maps showing the location and hydrographs of wells with a measured water 

level. The water levels have been marked with two types of flags. One of the flags is represented by the 

color of the measured water level. The flag type is represented by ŀ ά·έ ƻƴ top of the measured water 

level.  

The color of the measured water levels indicates the time of year that the water level measurement was 

taken: blue values were measured during January, February, March or April; green values were 

measured during May, June, July, or August; and red values were measured during September, October, 

November, or December.  .ŀǎŜŘ ƻƴ Lb¢9w!Ωǎ ŀƴŀƭysis of water levels in the Gulf Coast Aquifer, an 

appropriate set of dates for assessing long-term regional trends in water levels is the first four months of 

a year.  During those four months, irrigation is either minimal or non-existent and the water levels are 

typically undergoing a slight rebound from higher pumping during the summer.  

With regard to evaluating changes in averaged water levels over years or decades to check compliance 

with DFCs, the blue-colored water levels would be a good choice . If a well is located where irrigation is 

occurring, the water levels color coded with either green or red will likely be at a lower elevation than 

those water levels color coded with blue because they are impacted more by pumping. This relationship 
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occurs in several wells in Appendix 3B such Chicot Well 87 and Evangeline Well 31, which are located in 

Jackson County where irrigation of rice farms is occurring.  

The criterion ŦƻǊ ǇƭŀŎƛƴƎ ŀƴ ά·έ ƻƴ ǘƻǇ ƻŦ ŀ ƳŜŀǎǳǊŜŘ ǿŀǘŜǊ ƭŜǾŜƭ ƛǎ that the difference between a 

measured water level and its preceding value is greater than the standard deviation for the series of 

measured water levels at the well. At some wells, the ά·έ ƭƛƪŜƭȅ ǊŜǇǊŜǎŜƴǘǎ an outlier or a bad 

measurement that should be evaluated for possible removal from the analysis because it  may not be 

representative for the well. ¢Ƙƛǎ ǎƛǘǳŀǘƛƻƴ ƭƛƪŜƭȅ ŀǇǇƭƛŜǎ ǘƻ ǘƘŜ ά·έ ǎȅƳōƻƭǎ ǘƘŀǘ ƻŎŎǳǊ ƻƴ ǘƘŜ 9ǾŀƴƎŜƭƛƴŜ 

Wells 3 and 8 in Jackson County. !ǘ ƻǘƘŜǊ ǿŜƭƭǎΣ ǘƘŜ ά·έ ƭƛƪŜƭȅ ƳŀǊƪǎ ǘǿƻ ǎǳŎŎŜǎǎƛǾŜ ǿŀǘŜǊ ƭŜǾŜƭ 

measurements in which only one of the two measurements should be removed. This situation likely 

ŀǇǇƭƛŜǎ ǘƻ ǘƘŜ ά·έ ǎȅƳōƻƭǎ ǘƘŀǘ ƻŎŎǳǊ ƻƴ ǘǿƻ ǎǳŎŎŜǎǎƛǾŜ ƳŜŀǎǳǊŜŘ ǿŀǘŜǊ ƭŜǾŜƭǎ ŦƻǊ /ƘƛŎƻǘ ²Ŝƭƭǎ муп ŀƴŘ 

191 in Victoria County. And, at a few wells such Chicot Well 87 in JaŎƪǎƻƴ /ƻǳƴǘȅΣ ǘƘŜ ά·έ likely does not 

represent a problem with an unrepresentative water level but rather a large amount of temporally 

variability in the measured water levels.    

3.4 Protocols for Measuring Water Levels and Specific Conductance  

Appendix 3C presents protocols for measuring water levels and specific conductance that will collect 

reliable and defensible data. The protocols were developed by reviewing and extracting text from the 

sampling methods presented by the USGS (Cunningham and others, 2011), the US Environmental 

Protection Agency ([EPA], 1991), and the TWDB (Hopkins and Anderson, 2016; Rein and Hopkins, 2008).  

Separate protocols were prepared for measuring water levels using a steel tape, an electric tape (E-line), 

an air line, and transducers. In addition, a protocol was prepared for measuring the water level in a 

flowing well. The protocols in Appendix C are modifications of protocols that have been vetted and used 

by the federal and state agencies for decades. A key element  for all of the protocols is that they provide 

appropriate mechanisms for documenting an appropriate level of information regarding recent pumping 

from the well. Depending on the well use, an appropriate time since pumping typically between 3 hours 

and 24 hours.   

There are no protocols for measuring Total Dissolved Solids (TDS) in the field. TDS is a parameter that 

needs to be measured in the laboratory. If the appropriate studies are performed to develop a 

mathematical relationship beaten specific conductance and TDS then specific conductance can be used 

as an indicator of TDS concentrations. Several researchers (Walton, 1989; Hayashi, 2003; Sorensen and 

Glass, 1987) show that the relationship between specific conductance and TDS is dependent on several 

factors, including ionic composition and ionic strength of the solution and the method used to calculate 

total dissolved solids concentration. Young and others (2017) discusses these factors and develops 

relationships between specific conductance and TDS for groundwater samples from different regions of 

the Gulf Coast Aquifer.  

The relationship between specific conductance and TDS concentration is constructed by plotting specific 

conductance as a function of total dissolved solids concentration. From the graph the conversion factor 

άctέ in Equation 13-8 can be derived. Equation 3-1 is modified from Estepp (1998). Two applications of 

Equation 3-1 are presented in Figure 3-2. Figure 3-2 plots TDS concentration versus specific conductance 

for two sets of groundwater samples that were extracted from TWDB Water Quality Dataset. Readers 

interested in developing or applying Equation 3-1 are referred to Young and others (2016) for additional 

information.  
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 TDS = ct * SCw77°F  (Equation 3-1) 

Where:  

TDS = total dissolved solids concentrations (milligrams per liter) 

ct = specific conductivity-total dissolved solids conversion factor  

SCw77°F = specific conductance (micromhos per centimeter at 25 degrees Celsius or 77 

degrees Fahrenheit) 

3.5 Health and Safety Plan  

All field activities associated with groundwater monitoring activities should be conducted in accordance 

with a District approved Health and Safety Plan (H&SP). Appendix 3D provides a template for a H&SP 

that can be easily modified by a District for its own purpose and needs. 
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Figure 3-1 Slide from a INTERA Presentation to Coastal Bend GCD on May 10, 2022 that shows the average monthly water levels for 15 monitoring wells 
located in Wharton County and the monthly total production.  
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Figure 3-2 Linear regression between specific conductance and TDS concentrations for two groups of 
groundwater samples extracted from the TWDB Water Quality Dataset: 587 groundwater samples 
where chloride comprises at least 35% of the equivalence in the charge balance (top image); 1,866 
groundwater samples where bicarbonate comprises at least 35% of the equivalence in the charge 
balance (bottom image). (graphs are from Young and others (2016).  

Note: TDS=total dissolved solids; mg/L=milligrams per liter; umhos/cm=micromhos per centimeter 
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4.0 ESTABLISHMENT OF CRITERIA FOR ASSESSING THE ADEQUACY 

OF MONITORING WELL COVERAGE  

The GCDs in GMA 15 have adopted DFCs that are drawdown-based. In order to properly manage to DFCs 

and prudently manage aquifer resources, a District needs to be well informed about how their aquifer 

water levels vary spatially and temporally. A prerequisite for developing information about groundwater 

levels is a comprehensive monitoring program.  

A comprehensive monitoring program encompasses three facets of monitoring: the design and 

construction of a well monitoring system, the development and execution of protocols for measuring 

water levels, and the analysis of water level data to evaluate compliance. An important aspect of a 

District monitoring program is that they be compliant with existing statutes, be consistent with 

monitoring guidelines promulgated by state and federal agencies, and be technically defensible. These 

considerations are important if the District is to be well positioned and successful with enforcing its rules 

and mandating actions in order to achieve and not exceed its DFCs.  

Currently, there is no guidance from state agencies or statutes regarding how to design and implement a 

monitoring program to support an evaluation of DFC compliance. This section discusses administrative 

ŀƴŘ ǘŜŎƘƴƛŎŀƭ ŎƻƴǎƛŘŜǊŀǘƛƻƴǎ ǘƘŀǘ ŀǊŜ ǊŜƭŜǾŀƴǘ ǘƻ ǘƘŜ ŘŜǎƛƎƴ ƻŦ ŀ 5ƛǎǘǊƛŎǘΩǎ ƳƻƴƛǘƻǊƛƴƎ ƴŜǘǿƻǊƪΦ ¢ƘŜ 

administrative considerations include TWC, the District rules and management plans, DFCs adopted by 

GMA 15, and permit regulations. The technical considerations focused on the analyses related to the 

design of a well monitoring program to support evaluating compliance with drawdown-based DFCs. The 

technical information is based on  discussions with Gulf Coast GCDs, review of  reports / papers related 

to the design of District well monitoring networks, and an assessment of the  technical requirements to 

perform an evaluation of DFCs..  

¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘƛǎŎǳǎǎƛƻƴǎΣ ǘƘŜ ǘŜǊƳ ά5ƛǎǘǊƛŎǘǎέ refers to the collective of the following four GCDs: 

Victoria County GCD (VCGCD), Calhoun County GCD (CCGCD), Refugio GCD (RGCD), and Texana GCD 

(TGCD).  

4.1 Administrative Considerations 

Administrative considerations are those related to keeping the monitoring network compliant with 

existing statutes and consistent with guide lines published by state agencies.  

4.1.1 Texas Water Code:  

The provisions in Chapter 36 of the TWC are the basis for the rights and responsibilities confirmed onto 

the Districts through their enabling legislations. TWC §36.109 authorizes GCDs to collect any information 

deemed necessary to accomplish their missions. TWC §36.109 authorizes Districts the right to enter 

private or public land to collect hydrogeologic data and perform tests. TWC §36.0015 states GCDs are 

ǘƘŜ ǎǘŀǘŜΩǎ ǇǊŜŦŜǊǊŜŘ ƳŜǘƘƻŘ ƻŦ ƎǊƻǳƴŘǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘ and that they are charged with the 

responsibility to use the best available science in the conservation and development of groundwater.  

Despite being identified as the entity primary entity responsible for groundwater management in the 

state, TWC Chapter 36 does not require a District to have a groundwater monitoring program, to collect 
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groundwater data, or to evaluate whether or not a GMA or GCD is complaint with its adopted DFCs. 

With regard to DFCs, TWC Chapter 36 gives GCDs the authority to establish a monitoring program to 

evaluate DFC compliance but Chapter 36 does not required a GCD explicitly evaluate DFC compliance. 

LƴǎǘŜŀŘΣ ¢²/ ϠосΦмлфόŎύόпύ ǊŜǉǳƛǊŜǎ ǘƘŜ ŘƛǎǘǊƛŎǘǎ ƛƴ ŀ Da! ǘƻ ŎƻƴǎƛŘŜǊ άǘƘŜ ŘŜƎǊŜŜ ǘƻ ǿƘƛŎƘ ŜŀŎƘ 

ƳŀƴŀƎŜƳŜƴǘ Ǉƭŀƴ ŀŎƘƛŜǾŜǎ ǘƘŜ ŘŜǎƛǊŜŘ ŦǳǘǳǊŜ ŎƻƴŘƛǘƛƻƴǎ ŜǎǘŀōƭƛǎƘŜŘ ŘǳǊƛƴƎ ǘƘŜ Ƨƻƛƴǘ ǇƭŀƴƴƛƴƎ ǇǊƻŎŜǎǎΦέ 

Although TWC Chapter 36 does not require a GCD to monitor groundwater levels, it does require certain 

well owners to install and monitor wells. For instance, TWC §36.1015 requires permit holders for 

brackish water to  implement a monitoring system recommended by the TWDB to provide annual 

groundwater levels.  

4.1.2 District Management Plans 

All four of the Districts have imposed on themselves the requirement to develop and maintain a water 

level monitoring program through their Management Plan section titled: Goals, Management Objectives 

and Performance Standards. In this section, the Districts have very similar language to that is contained 

in the VCGCD Management Plan, which provides the two following objectives and performance standard  

Objective #1 : Develop and maintain a water level monitoring program.  

-  Performance Standard #1: Each year, the District will summarize within the annual 

report the water level monitoring activities including the number of wells monitored 

and the year-to-year change of water level.  

Objective #2: Analyze water level monitoring information to evaluate water level trends and 

determine the degree to which the District is complying with the Desired Future Conditions of 

Gulf Coast Aquifer in Victoria County. 

-  Performance Standard #2: Each year, the District will summarize within the annual 

report the water level trends and the conclusions regarding the compliance of the 

District with the desired future condition of the Gulf Coast 

Among the four Districts, only the CCGCD Management Plan provides a minimal number of water wells 

to monitor, which is at least twelve (12) water wells. To check the number of water wells monitored for 

ŀ ǎƛƴƎƭŜ ȅŜŀǊΣ ǘƘŜ 5ƛǎǘǊƛŎǘΩǎ ŀƴƴǳŀƭ ǊŜǇƻǊǘǎ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ ǿŜō ǿŜǊŜ ǊŜǾƛŜǿŜŘΦ Lƴ ǘƘŜƛǊ нлнм !ƴƴǳŀƭ 

report, VCGCD reported measurements from 111 wells. In their 2020 annual report, RGCD reported 

monitoring water levels in 20 water wells. In their 2019 annual report, TCGCD did not provide the 

number of wells with measured water levels. In its 2021 annual report,  CCGCD reported  that water 

levels were measured in  21 wells. 

4.1.3 District Rules 

None of the District Rules address the process of evaluating compliance with DFC or the analysis of the 

water level data from the district monitoring well network. Consequently, the Districts Rules are not 

directly relevant for establishing a minimum number nor for identifying preferred locations for the 

monitoring wells.  

Texas Water Development Board (TWDB) ς Since the 1960s, the TWDB has monitored water levels 

ŀŎǊƻǎǎ ¢ŜȄŀǎΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘŜ ¢²5.Ωǎ ǿŀǘŜǊ-level program is to gain representative information 

about static water levels in aquifers (water levels unaffected by recent or nearby pumping) throughout 
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the state in order to support water planning from the local to a more regional perspective. To distribute 

wells in the observation network throughout the state in an equitable and reasonable manner, TWDB 

geologists used formulas to apply to each county-aquifer combination that mainly relied on production, 

but also considered other variables. Although these criteria determine the number of wells needed per 

county-aquifer combination, spacing requirements are qualitative. As described by Hopkins and 

Anderson (2016), the criteria used by TWDB for determining the number of adequate water level 

observation wells per county-aquifer combination is:  

Á 1 well/25 square miles (> 100,000 acre-feet of groundwater pumped annually)  
Á 1 well/50 square miles (> 10,000 & < 100,000 acre-feet of groundwater pumped annually)  
Á 1 well/75 square miles (> 10,000 & < 100,000 acre-feet of groundwater pumped annually, 

coupled with little water-level fluctuation, or < 50 feet of decrease per decade in artesian 
aquifers or < 20 feet per decade in water-table aquifers as determined from the latest water-
level change maps; or where few wells available as in extreme downdip limits)  

Á 1 well/100 square miles (> 2,500 acre-feet & < 10,000 acre-feet of groundwater pumped 
annually)  

Á 1 well/125 square miles (> 2,500 acre-feet & < 10,000 acre-feet of groundwater pumped 
annually and little water-level fluctuation or few wells available)  

Á 1 well/150 square miles (> 1,000 & < 2,500 acre-feet groundwater pumped annually)  
Á 1 well for entire aquifer-county combination (<1,000 acre-feet groundwater pumped annually)  

Table 4-1 lists the number of wells for Calhoun, Jackson, Refugio, and Victoria counties that would 

satisfy the TWDB criteria for a single aquifer based on the area and estimated groundwater production 

per county. The number of wells ranged between 6 and 17 wells. Analysis of the simulated and 

measured water levels for the Chicot and Evangeline aquifers for these four counties by Young and 

others (2021) shows that differences of 40 feet and greater likely occur in the water levels between the 

two aquifers. These differences suggest that the water levels measured in the Chicot should not be 

assumed valid for the Evangeline and vice versa. As a result, the well numbers in Table 4-1 should be 

considered as a lower estimate for a monitoring well network for both the Chicot and Evangeline wells.  

Table 4-1 Estimated number of water level monitoring wells for Calhoun, Jackson, Refugio and Victoria 
counties based on a TWDB Criteria (Hopkins and Anderson, 2016) that considers area and total 
groundwater production in a county  

County 
Area  

(sq. miles) 

Total Production In Gulf Coast 
Aquifer (acre-ft/yr)* 

Monitoring Wells Based on TWDB Criteria 
for Estimate an Adequate Number of 

Monitoring Wells for an Aquifer in a County 2019 2020 

Calhoun 1,033 1,152 1,092 7 well 

Jackson 857 62,496 58,057 17 wells 

Refugio 818 2,005 2,021 6 wells 

Victoria 889 15,036 14,912 12 wells 

* TWDB web site (https://www3.twdb.texas.gov/apps/reports/WU/SumFinal_CountyPumpage) 
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4.1.4  Summary of Findings 

5ŜǎǇƛǘŜ ŀǎǎƛƎƴƛƴƎ D/5ǎ ŀǎ ǘƘŜ ǎǘŀǘŜΩǎ ǇǊŜŦŜǊǊŜŘ ƳŜǘƘƻŘ ƻŦ ƎǊƻǳƴŘǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘ ŎƘŀǊƎƛƴƎ D/5ǎ 

with the responsibility to use the best available science in the conservation and development of 

groundwater, the TWC does not require GCDs to monitor groundwater levels. Among the key reasons 

for GCDs to have a monitoring network is to evaluate DFC compliance. All four GCDs that comprise 

Districts have committed to maintaining a groundwater monitoring program to evaluate DFC 

compliance. There is little information provided by GCDs regarding the design of the monitoring 

program and how they will use the monitoring data to check the DFCs. Given that all four of the GCDs 

are adjacent to each other, there would be advantages to the Districts if they coordinated the collection 

and analysis of their monitoring data. Moreover, it would be beneficial for all of the GCDs in the Texas 

Gulf Coast Aquifer to have a coordinated monitoring approach. Currently, neither the TCEQ nor the 

TWDB have provided any guidance or assistance GCD to promote the benefits of monitoring and to help 

establish consistency in the groundwater monitoring programs among the approximately 100 GCDs in 

Texas.  

4.2 Technical Considerations 

Technical considerations are those related to science of measurement, statistical analysis, hydrogeology, 

and interpolation in as they contribute toward developing reasonable and defensible approaches for 

estimating average rates of water level change across large areas based on a finite number of water 

level measurements over time.  

4.2.1 Statistical Considerations  

Statistical -based methods are often used to develop monitoring networks and to develop methods for 

the collection and analysis of monitoring data (Gibbons, 1994). The common type of statistical 

approaches used for designing the size of well networks have the following underlying assumptions: 

(1) the population of measured water levels is assumed to be a normal distribution; and (2) the well are 

sufficiently spaced apart from each other, the measured water levels are not correlated and can be 

considered as a set of independent samples.  

Oliver and Piemonti (2018) and Uddameri and Andruss (2013) provide examples of statistical-based 

methods for determining an approach size of a monitoring well network for a GCD. Oliver and Piemonti 

(2018) used a method called the Standard Error Approach. Uddameri and Andruss (2013) use a method 

called the Statistical Power Analysis. Both approaches are based on the two underlying assumptions 

mentioned above.  

A Standard Error measured how precisely a sampling distribution represents a population. Equation 1 is 

the formula for determining Standard Error from the mean and standard deviation from a population. 

The Standard Error is a measure of statistical accuracy of an estimate. Equation 1 states that has the 

number of samples increases, the confidence in the accuracy of the mean of the value improves.  
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 Equation 1. SE = ̀ κ Ҟƴ (Equation 1) 

Where:  

SE = standard error of the sample 

ˋ Ґ ǎŀƳǇƭŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ  

Ҟƴ Ґ ǎǉǳŀǊŜ Ǌƻƻǘ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǎŀƳǇƭŜǎ  

Figure 4-1 shows an application of the Standard Error Approach for determining the size of a monitoring 

well. Figure 4-1 was created by INTERA (Oliver and Piemonti, 2018) for Panola County GCD to illustrate 

the benefit of increasing their monitoring network beyond 16 wells. For these sixteen wells, the average 

water level change was 2.5 feet and the standard deviation was 1.7 feet. Figure 4-1 was created by 

applying Equation 1 to show that at 50 wells, the 95% confidence limit in the calculated mean change in 

water level would be ±0.5 feet.  

 

Figure 4-1 Expected deviation from the mean for various numbers of wells in the monitoring network. 
Distribution assumes randomly spaced wells with normal distribution of water level changes 
exhibiting a standard deviation of 1.7 feet around a mean 

Uddameri and Andruss (2014) apply a Statistical Power Analysis to estimate the number of monitoring 

wells required to achieve a specific level of confidence in evaluating VCGCD compliance with their DFC. 

Uddameri and Andruss (2014) framed the problem using a statistical decision-making matrix based the 

two hypothesis  

Null hypothesis: The average drawdown in the county is less than or equal to the acceptable 

drawdown established as the DFC  

Alternative hypothesis: The average drawdown is greater than the acceptable drawdown 

established as the DFC. 
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To implement their approach, Uddameri and Andruss (2014) used water levels from 16 wells to calculate 

a rate of drawdown from 2005 and 2010. This analysis produced an average drawdown of 3.46 feet with 

a standard deviation of 7.76 feet. Using these values as representative of the groundwater system, the 

application of Statistical Power Analysis indicated that a minimum set of approximately 70 wells is 

required within the VCGCD to statistically evaluate the compliance with DFCs with 90% reliability and at 

a significance level of 10% and 90% power. 

4.2.2 Geostatistical Considerations  

Geostatistical methods rely on using both statistical correlations and mathematical methods to generate 

values at unsampled locations. Geostatistics attempts to quantify the spatial relationship between data 

and the uncertainty in that relationship. Geostatistics were developed for the geosciences where the 

samples and populations of interest have discernable patterns and detectable covariances that void the 

classical statistical analysis that are based on independent and uncorrelated samples. The most common 

geostatistical interpolation method is Kriging. Kriging is a geostatistical interpolation technique that 

considers both the distance and the degree of variation between known data points when estimating 

values in unknown areas. Kriging accounts for the degree of variation, or spatial correlation, among the 

data points through a semivariogram model.  

In the groundwater literature, Kriging is a proven technique for optimizing the design of well monitoring 

networks (Olea and Davis, 1999; Triki and others, 2013; Delbari and others, 2013; Zhou and others, 

2013; Barca and others, 2013). In Texas, INTERA has used geostatistics to evaluate the adequacy of well 

network and to spatially interpolate water levels. INTERA (2012) used Kriging to evaluate the monitoring 

network of 1155 observation wells used by the High Plains Water District (HPWD) to determine water 

level changes in the Ogallala Aquifer across 16 counties. INTERA (2012) shows that that all well spacings 

in the HPWD monitoring network fall inside the correlation range of 50 miles for the water levels, and 

interpolated estimates in inter-well region have a standard deviation of less than 1 foot for all areas 

within the District boundaries. These two findings supported the conclusion that the HPWD well 

monitoring well is very effective at evaluating water levels across the District.  

The application of Kriging requires the data be analyzed to determine the distance at which the water 

levels become uncorrelated. This distance is called the range. The range is an important value with 

regard to establishing a monitoring well network because it establishes the maximum distance that 

wells should be separated so that Kriging can provide informed calculations for estimating values at 

unsampled locations. In their application of Kriging to interpolate water levels for the Districts, Young 

and others (2021) define the range for the Chicot and Evangeline aquifers by fitting empirical variograms 

to measured water levels from 2000 to 2010. Young and others (2021) estimate the range for the Chicot 

Aquifer to vary from about 20 to 30 miles and estimate the range for the Evangeline Aquifer to vary 

from about 25 to 40 miles.  

4.2.3 Existing GCD Monitoring Network in Gulf Coast Aquifer  

As part of our technical review, we contacted general managers of GCDs to discuss their districts 

monitoring well network. ²ƘƛƭŜ ǎǳǇǇƻǊǘƛƴƎ .ǊǳǎƘ /ƻǳƴǘǊȅ D/5Ωǎ efforts to update their well monitoring 

network, Young (2015) contacted the GCD general managers in GMAs 15 & 16 to ask that they complete 

an on-line questionnaire regarding water level and water quality monitoring. Thirteen GCDs completed 

the ten-question survey. Table 4-2 presents the tabulated responses. One of the questions asked is 



Final: Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations  
to Support the Development of a Reliable Program for Monitoring Water Levels 

31 

whether the district could be identified by name in a summary table. Two of the GCDs asked not to be 

identified in the survey. 

The survey in 2015 revealed that the majority of the GCDs have an active monitoring program that 

includes measuring water levels at least two times a year from at least 30 wells. Five of the GCDs 

measure water quality parameters annually from at least eight wells. All of the GCDs rely on voluntary 

cooǇŜǊŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ǿŜƭƭǎΩ ƻǿƴŜǊǎΦ hƴƭȅ YŜƴŜŘȅ D/5 ŀƴǎǿŜǊŜŘ ǘƘŜ ǉǳŜǎǘƛƻƴ ǊŜƎŀǊŘƛƴƎ Ƙƻǿ ǘƘŜ 

monitoring locations were selected. Kenedy GCD stated that a consultant was hired to design the 

monitoring well network.  

As part of this project, INTERA talked with general managers for 14 GCDs in GMAs 15 or 16. Eight of the 

GCDs had monitored more than 20 wells. Five  GCDs monitored less than 10 wells. All of the GCDs had a 

similar approach for monitoring changes in water levels over time. The approach involved averaging the 

measured water elevations and calculating the differences in the average water levels. No GCDs 

expressed concern on whether or not they had a sufficient number of wells including those GCDs with 

less than 10 monitoring wells.  

 



Final: Drilling Techniques, Field Protocols, and Proposed Monitoring Well Locations  
to Support the Development of a Reliable Program for Monitoring Water Levels 

32 

Table 4-2 Tabulated Responses from Thirteen GCDs who responded in 2014 to a questionnaire regarding their groundwater monitoring network (from Young, 2015)  
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Table 4-3 Tabulated Responses from GCDs who responded to a questionnaire in 2014 or a verbal survey in 
2022 regarding their groundwater monitoring network  

Name of Groundwater Conservation District (GCD) 
Number of Monitoring Wells 

Response in 2014 Response in 2022 

Bee GCD 2  4  

Brush County GCD   NA  50  

Coastal Bend GCD  NA   33 

Coastal Plains GCD  NA   9 

Colorado County GCD 12  18  

Duval County GCD     22 

Evergreen Underground Water Conservation District ~80  25 

Fayette GCD 69  45 

Goliad Country GCD 135  80  

Kenedy County GCD 50  50  

Live Oak Underground Water Conservation District 3  3  

McMullen GCD 0  3 

Pecan Valley GCD 30  25-28 

San Patricio County GCD 0  No wells yet  

Summary of Findings ς Examples of statistical and geostatistical methods were presented to assess the 

adequacy of the number wells in a monitoring network. A concern with application of the statistical 

methods to water levels is that it assumes the measured water levels are from a random population and 

are independent samples and therefore uncorrelated. However, assumption is invalid for wells in the 

Gulf Coast Aquifer. First, the water levels are not flat but will have a hydraulic gradient or trend of lower 

water levels in the direction of  the Gulf Coast ς meaning the water levels are not sampled from a 

random population. Second, simple calculations using the Theis (1935) equations will show that the 

majority of permitted wells in the Gulf Coast Aquifer will have radius-of-influences that extends tens of 

miles ς meaning that water levels will be correlated. Unlike the classical statistical approaches, 

geostatistical approaches were developed to handle correlated data by use of a variogram. 

Geostatistical analysis by Young and others (2021) shows that water levels in both the Chicot and 

Evangeline aquifers are correlated to a distance of at least 20 miles. Based on our analysis of the 

geostatistical literature, the geostatistical approaches offer more benefits for the collection and analysis 

of water level data than does statistical approaches.  
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5.0 POTENTIAL BENEFITS OF QUANTIFYING PREDICTIVE 

UNCERTAINTY TO GROUNDWATER MONITORING  

5.1 BACKGROUND 

Texas has entrusted its GCDs with the management and stewardship of its groundwater resources. 

Implicit in their responsibility of groundwater stewardship is the need to regularly monitor aquifer 

conditions, including groundwater water levels and groundwater production. One of the more useful 

activities that a GCD can undertake to characterize the changing aquifer conditions is to monitor 

changes in water levels and generate contour maps of water levels. Among the benefits of a 

comprehensive program for collecting and analyzing data is the ability to develop a sound approach for 

evaluating compliance with drawdown-based DFCs.  

This section addresses two factors relevant to developing a groundwater monitoring program. One 

factor is the list of multiple groundwater management issues that benefit from a groundwater 

monitoring program tailored to address management and stewardship issues relevant to the GCD to 

accomplish its goals. The other factor is sufficient knowledge of different approaches for incorporating 

uncertainty into the interpolation and analysis of data so that the GCD can tailor its work so that the 

level of risks associated with alternative decisions can be addressed and perhaps even quantified.  

5.2 GROUNDWATER MONITORING TO SUPPORT THE MANAGEMENT OF 
GROUNDWATER RESOURCES  

Texas Water Code provides a comprehensive list of groundwater management responsibilities for GCDs. 

TWC §36.0015 states that GCDs were created in order to provide for the conservation, preservation, 

protection, recharging, and prevention of waste of groundwater, and of groundwater reservoirs or their 

subdivisions. TWC F36.0015 also states that GCD are state's preferred method of groundwater 

management, and they are charged with using the best available science in the conservation and 

development of groundwater through rules developed, adopted, and promulgated by a district.  

The TWC also lists specific groundwater management issues for GCDs and GMAs for which water levels 

are required to fulfill their purpose. These issues include: 

Á Conjunctive surface water management  
Á The annual volume of water that discharges from the aquifer to springs and any surface water 

bodies, including lakes, streams, and rivers; 
Á Evaluation of permitted production 
Á Desired future conditions  
Á Controlling and preventing subsidence;  
Á The annual volume of flow into and out of the district within each aquifer and between aquifers 

in the district, if a groundwater availability model is available 
Á Hydrological conditions, including for each aquifer in the management area the total estimated 

recoverable storage as provided by the executive administrator, and the average annual 
recharge, inflows, and discharge 

Á Environmental impacts, including impacts on spring flow and other interactions between 
groundwater and surface water 
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Based on provision TWC Chapter 36, GCDs have the authority and the responsibility to manage 

groundwater within their jurisdiction. In order to determine groundwater flow directions, flow between 

aquifers, impacts from groundwater pumping, groundwater storage, groundwater-surface water 

interaction, and compliance with drawdown-based DFCs, geohydrologist and GCDs alike require 

information on water levels. In addition, in order to develop and to improve GAMs, groundwater 

modelers and GCDs alike need measured water levels.  

All analysis of water level data includes uncertainty. Without a knowledge of the uncertainty associated 

with an analysis that affects groundwater management, GCDs may not be in the best position for 

making a well-informed decision. One area where an assessment of uncertainty would benefit GCDs is 

predictions of future water levels from GAMs that are used to determine DFCs. The practice of using 

GAMs during the joint planning process typically ignores uncertainty in GAM prediction although there 

exists clear evidence that GAMs as not perfect simulators as demonstrated in results of the model 

calibration process wherein the model simulation cannot match historical water levels and results of 

numerous aquifer tests. Lƴ Lb¢9w!Ωǎ ŜȄǇŜǊƛŜƴŎŜ ǿƻǊƪƛƴƎ ǿƛǘƘ D/5ǎ ŀƴŘ D!aǎΣ ǘƘŜǊŜ ƛǎ ŀ ŘŜǎƛǊŜ ǘƻ 

quantify uncertainty in hydrogeologic analyses. Uncertainty, however, is generally avoided not so much 

because it is not important but because the process of determining uncertainty is not well understood. 

That is, there exists concern about the large magnitudes of uncertainty that can overwhelm the 

calculated quantity. Uncertainty can also be costly and time-consuming to determine.  

Situations where uncertainty has value are where the GCD decisions regarding technical analysis may be 

questioned or challenged. A prime example of such a technical analysis is an evaluation of DFC 

compliance. To help demonstrate how uncertainty could affect a regulatory decision, a hypothetical 

situation is presented. The hypothetical situation involves a drawdown-based DFC of 90 ft for average 

drawdown from 2010 to 2070 and a calculated average drawdown of 100 ft (10 ft greater than the DFC) 

for the period 2010 to 2030 based on measured water levels. Table 5-1 presents three options that 

assign different levels of uncertainty with each of the two parameters. For both parameters, the options 

include options of relatively small uncertainty (option 1), of relatively large uncertainty (option 2), and 

unknown uncertainty (option 3).  

Table 5-1 Ranges of uncertainty associated with the determination of the DFCs and with an average 
drawdown calculated from measured water levels for aft hypothetical decision 

Drawdown Calculation  
Options for Different Levels of Uncertainty  

DFC of 90 ft Average Drawdown from 
2010 to 2070 based on GAM 
Simulation 

Option A-1. the 95% confidence is ± 1 ft  

Option A-2. the 95% confidence is ± 30 ft  

Option A-3. confidence limit is unknown 

Calculated Average Drawdown from 
2010 to 2030 from Measured Water 
Levels Exceeds DFC by 10 ft  

Option B-1. the 95% confidence is ± 5 ft  

Option B-2. the 95% confidence is ± 50 ft 

Option B-3. there is no estimate of confidence interval 

For the two parameters in Table 5-1, there are nine alternative situations that can be created from the 

combination of two parameters that each have three options. Table 5-2 lists the three of these options. 

If Option 1 is valid for both parameters, then there is approximately 95% probability that the DFC has 

been exceeded. If Option 2 is valid for both parameters, then there is less than a 40% probability that 

the DFC has been exceeded. For these two cases, GCD action will likely be decided as much on the 
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calculated value as the uncertainty associated with the calculated value. For the situation where Option 

3 is valid for both parameters, the GCD decision is more likely to be challenged than the GCD decision 

associated with the situation #1 or #2.  

Table 5-2 Ranges of uncertainty associated with the determination of the DFCs and with an average 
drawdown calculated from measured water levels for aft hypothetical decision 

Alternative Situations Associated Evaluating DFC 
Compliance Defined by Different Combination of 

Options in Table 5-1 
Likely Decision if based Solely  

on Technical Analysis 

# 
Determination of 

DFC 
Determination of 

Average Drawdown  

1 
Option A-1 

 (low uncertainty)  
Option B-1 

 (low uncertainty) 
Technical analysis indicates that the probability that DFC has been 
exceeded is greater than 95%. Corrective action is required.  

2 
Option A-2 

 (high uncertainty)  
Option B-2 

 (high uncertainty ) 

Technical analysis indicates that the probability that DFC has been 
exceeded is less than 40%. Collect additional data and perform 
analysis to better define risk of exceedance.  

3 
Option A-3 

 (no uncertainty 
evaluation)  

Option B-3 
 (no uncertainty 

evaluation) 

Technical analysis cannot provide a defensive estimate of the 
probability that an exceedance has occurred. 

5.3 METHODS FOR QUANTIFICATING OF UNCERTIANTY USING KRIGING 

Spatial interpolation methods are used to predict values for a variable of interest at unsampled locations 

based on data from sampled locations. The various interpolation methods available differ in the number 

of samples used in the model and how those results are weighted, and each method may produce a 

different result. The more complex and advanced interpolation methods such as kriging have associated 

measurements of uncertainty. In most cases the measure of uncertainty can be used to determine 

probabilities of exceeding prescribed threshold values.  

There are three approaches that are commonly used to estimate uncertainty associated with kriging. 

These three approaches include: calculating the kriged variance, performing cross-validation, and 

generating sequential Gaussian simulations. Each of these approaches provide a different measure of 

uncertainty that can be useful to the analysis of measured water levels. The Kriged variance provides an 

estimate of uncertainty at the unsampled locations. Values generated from cross-validation can provide 

estimates of uncertainty at a sampled location if no data had existed for the sampled location. Both the 

Kriged variance and the cross-validation are useful for estimating uncertainty at specific locations such 

as a drawdown at a well location. However, the two methods are not useful for evaluating uncertainty 

of an ensemble of points that cover an area. Among the best options for evaluating uncertainty 

associated with average drawdowns across a county is sequential gaussian simulation (SGS). Each of 

these methods are described below:  

5.3.1 Calculate The Kriged Variance  

The variance in the interpolated values in the inter-well regions depends on (a) the distance from 

observations, and (b) the variability in observed water levels. Thus, areas with large variation in 

measured values will tend to have more variability in the interpolated values because the value would 
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depend strongly on the random path used to reach a given point. Areas with few measurements would 

also tend to have high uncertainty, as there would be no measurements to constrain the estimates 

leading to large variation across different realizations.  

5.3.2 Perform Cross-Validation 

Cross-validation analysis consists of sequentially removing one data-point from a dataset, and using the 

remaining data-points to estimate the value at the missing data-point. Comparison of the estimated 

value with the real value can give information about (a) the importance of the missing data-point, (b) 

the sensitivity of the estimated values to data, and (c) an upper-bound on the expected error. Because 

cross-validation analysis is calculating values, only a location where there are measured values it not 

providing a measure of the error at unsampled location, which is what a kriged variance provides. The 

cross-validation error can also be thought to provide an upper bound on the expected error around a 

given well. The error in the unsampled region will be between the cross-validation errors of at the 

sampled locations around the unsampled region. Cross-validation can be used to assess the quality of a 

single kriging approach, but another common application is to use cross-validation to compare two or 

more kriging approaches to determine which one performs better.  

5.3.3 Generate Sequential Gaussian Simulations  

SGS consists of using kriging-based interpolation with the original data (sampled values) as well as all 

previously simulated values proximal to the interpolation location. The exercise is repeated with 

different random paths that visit each grid node once. A realization is completed when every grid node 

has an estimated value. A standard algorithm from the GSLIB geostatistical package (Deutsch and 

Journel, 1992) was used to create these realizations. A total of 100 equally likely conditional realizations 

of depth to water were created using this approach.  

5.4 QUANTIFICATION OF KRIGING UNCERTIANTY  

Young and others (2021) constructed continuous grid of interpolated water levels for the Chicot and the 

Evangeline aquifers from 2000 to 2020 using ordinary kriging. Ordinary Kriging gives the optimal 

prediction under the assumption of second-order stationary, a normal distribution for the modeled 

variable, and the absence of any trend in the data. By optimal prediction, what is meant is that Kriging 

provides the best linear unbiased prediction at unsampled locations and reproduces the measured 

values at all sampled locations exactly. Readers interested in knowing more about kriging can find 

additional information in Young and others (2021) and textbooks such as Goovaerts (1997) and Pyrcz 

and Deutsch (2014).  

Young and others (2021) developed the water level surfaces using measured water level and residuals. A 

residual is the difference between the measured value and value produced by the trend at the location 

of the measured data. Young and others (2022) generated the residuals by subtracting a trend surface 

from the measured water levels. The trend surface was generated by smoothing and filtering the results 

of simulated water levels using the GAM for GMA 15. The residuals were generated in order to remove 

the spatial trend in the measured water levels. The occurrence of long-range trends is routinely 

observed in regional water level surfaces (Kitanidis, 1997) because water level elevations are 

predominantly determined by hydraulic boundaries (such as high-elevation recharge zones) and lower 
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elevation discharge zones (such as rivers). In this section, we will use three approaches to evaluate the 

uncertainty associated with the interpolated water surfaces.  

In the next three sections we estimate uncertainty associated with kriging by calculating the Kriged 

variance, by performing cross-validation, and by generating sequential Gaussian simulations. We apply 

these three types of analysis to the 2020 measured water level data used by Young and others (2021). 

The data consists of 105 and 111 measured water levels in the Chicot and Evangeline aquifers, 

respectively. Table 5-3 shows the number of water level measurements from Calhoun, Jackson, Refugio, 

and Victoria counties.  

Table 5-3 Distribution of 2020 measured water levels in the Chicot and the Evangeline aquifers among 
Calhoun, Jackson, Refugio, and Victoria Counties  

County  
Number Wells with Water Levels  

Chicot  Evangeline  

Calhoun 5 0 

Jackson 14 2 

Refugio 7 1 

Victoria  14 28 

Figure 5-1 shows the variograms for the Chicot and Evangeline aquifer that was used to kriged the 2020 

water levels and the residuals generated by Young and others (2021). Table 5-4 shows the attributes of 

the variograms. A variogram has three attributes that summarize important aspects of the spatial data. 

These three attributes are described below and are illustrated in Figure 5-2.  

Á Range ς is the maximum distance between points up to which there is information on the 
correlation/spatial relationship between two data points. 

Á Nugget Effect ς nugget represents the small-scale variability of the data. A nugget is defined as a 
variance that exists at scales less than smallest space distance used to create the variogram. A 
portion of that short range variability can be the result of measurement error 

Á Sill ς is the sample variance, which is a measure of the spread or variability in the data points 
that are not correlated. The sill is determine by the sum of the variance of nugget effect and the 
variogram used to represent the correlation/spatial relationship among the points  

Table 5-4 Attributes of the Spherical variograms illustrated in Figure 5-1  

Aquifer 
Kriged 

Parameter 
Variogram Variance (ft2) 

Range 
(miles) 

Chicot  

Water Levels 
Nugget 47 0 

Spherical 62,148 1,454 

Residuals 
Nugget 223 0 

Spherical 477 42 

Evangeline 

Water Levels 
Nugget 0 0 

Spherical 9,124 68 

Residuals 
Nugget 123 0 

Spherical 1,218 84 
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5.4.1 Calculate The Kriged Variance -  

Figure 5-3 shows the contours of the kriged water levels for the Chicot Aquifer based on 2020 measured 

water level data. For convenience, the results generated by the kriged water levels will be referred to as 

KWL values and the results generated by kriged residuals values will be referred to as KRS values. 

Figure 5-4 shows contours of the kriged standard deviations for the two sets of contours in Figure 5-1. 

The standard deviation is calculated by taking the square root of the total variance of the variogram. 

Figure 5-5 shows the contours of the kriged water level for the Evangeline Aquifer based on 2020 

measured water level data. Figure 5-6 shows the contours of the kriged water level for the Evangeline 

Aquifer based on 2020 measured water level data that were generated by Young and others (2021).  

The observed difference in the water levels and the standard deviations are directly related to the 

differences in the variograms among the four data sets. The KWL contours are more contorted than 

their KRS counterparts because they have a smaller nugget effect ς meaning they will more precisely 

honor the measured water levels at each location. The smaller nugget is also the cause of the lower 

standard deviation near the measured data for the KWL results than the KRS results. In Table 5-4, the 

nugget contribution to the standard deviation ranges of 0 ft for the Evangeline KWL analysis to 15 ft (aka 

square root of 223 ft2) for the Evangeline KWL analysis.  

The standard deviations in areas far from a measured water level are greater for the KWL results than 

the KWL results because of the greater variance at the defines each variogram. Using the distance of 

200,000 ft (about 38 miles) from nearest data point, the standard deviation determined from the 

variograms from the Evangeline KWL analysis, the Chicot KWL analysis, the Evangeline KRS analysis, and 

the Chicot KRS analysis is approximately 84 ft, 47 ft, 30 ft, and 25 ft, respectively.  

A detailed examination of Figures 5-3 through 5-6 will show the control that the spacing distances and 

unsampled location and the nearest sampled location has a dominant effect on both the interpolated 

water level and standard deviation at that unsampled location. What can be learned from such an 

analysis is that the variogram provides useful insight into the desired spacing between measured water 

levels. In addition, the comparison of differences between the interpolated water levels between the 

KWL analysis and the KRS analysis provides useful information on the desirable locations of new 

monitoring wells.  

5.4.2 Perform Cross-Validation 

A limitation of the Kriged variance that it primarily determined by the location of the data, the spacing 

between the data, and the variogram. The Kriged variance is not dependent on the actual values of the 

points as it should not be if the underlying assumptions of Kriging are fully met. However, these 

assumptions are usually not fully met and therefore a Kriged variance albeit a very useful metric is not 

necessarily a reliable measure of the true uncertainty. A more appropriate measure of uncertainty, or 

more correctly an upper bound on the expected error, is obtained by performing cross-validation.  

Table 5-5 shows the results from a cross-validation for the KWL analysis and the KRS analysis for the 

Chicot and the Evangeline aquifers. The results indicate that the KRS method has less expected error 

than the KLW method. The primary metric that supports this conclusion is the notably lower standard 

deviations for both the Chicot and the Evangeline cross-validation applications. Figures 5-7 and 5-8 plot 

the data used to create the 2020 results in Table 5-5. All of the plots include a dashed black line which 

represents a perfect match between the measured value and the cross-validation value. Therefore, the 
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less spread there is among the points around the dashed black line, the smaller the standard deviation 

and the lower the standard deviation.  

Table 5-5 Comparison of average value for the difference between the measured value and the value 
calculated by cross-validation for all points associated with the 2020 data and for all points 
associated with the data from 2000-2021 for the KLW and the KRS analysis for the Chicot and the 
Evangeline Aquifers  

Aquifer  Kriged Method  

Measured - Cross Validation Value (ft)  

Average  Standard Deviation  

2020 2000-2021 2020 2000-2021 

Chicot 
Water Levels (KWL) 1.1 1.1 8.0 6.4 

Residuals (KRS) 0.5 0.5 3.9 2.3 

Evangeline 
Water Levels (KWL) 0.6 0.6 7.9 6.5 

Residuals (KRS) 0.6 0.6 4.8 5.3 

5.4.2.1  Generate Sequential Gaussian Simulations  

A set of 100 Gaussian simulations were generated for each of the KWL and KRS analysis for the Chicot 

and Evangeline water level values measured in 2020. The simulations were generated using the program 

FIELDGEN (Doherty, 2010) and the variogram parameters in Table 5-4. For each of the simulated 

continuous field of water levels, standard deviation was calculated for the calculated average water 

levels for Calhoun, Jackson, Refugio, and Victoria counties. Table 5-6 provides the standard deviation for 

the 16 scenarios created by the combination created from four counties, two aquifers, and two kriging 

methods. The results clearly show that the KRS methods consistently have significantly lower standard 

deviations than the KWL method. The lower standard deviations indicate that the KRS method has less 

uncertainty than the KWL for determining average water elevation for a county.  

Table 5-6 Standard Deviations of the average value of the mean water levels determined for Calhoun, 
Jackson, Refugio, and Victoria County for the 2020 data set for the Chicot and the Evangeline 
based on 100 Sequential Gaussian Simulations.  

Aquifer  County  Kriged Method  
Standard 
Deviation  

Chicot  

Calhoun 
Water Levels (KWL) 31.0 

Residuals (KRS) 0.5 

Jackson 
Water Levels (KWL) 26.6 

Residuals (KRS) 0.5 

Refugio 
Water Levels (KWL) 26.8 

Residuals (KRS) 0.4 

Victoria 
Water Levels (KWL) 25.9 

Residuals (KRS) 0.5 

Evangeline 

Calhoun 
Water Levels (KWL) 6.6 

Residuals (KRS) 1.0 

Jackson 
Water Levels (KWL) 4.5 

Residuals (KRS) 0.7 
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Aquifer  County  Kriged Method  
Standard 
Deviation  

Refugio 
Water Levels (KWL) 5.3 

Residuals (KRS) 0.7 

Victoria 
Water Levels (KWL) 4.9 

Residuals (KRS) 0.5 
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Figure 5-1 Semivariograms for the Chicot and Evangeline Aquifers based on 2020 measured water levels and 
2020 residuclated enerated by detrending the measured groundwater levels  
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Figure 5-2 Schematic of a semivariogram 
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Figure 5-3 Contours of 2020 water levels for the Chicot Aquifer generated by kriging the measured water levels (KWL interpolation on the left) and 
calculated residuals calculated by detrending the measured water levels (KRS interpolation on the right)  
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Figure 5-4 Contours of standard deviations for the Chicot Aquifer water levels from kriging the measured water levels (KWL interpolation on the left) and 
kriging the residuals calculated by detrending the measured water levels (KRS interpolation on the right)  
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Figure 5-5 Contours of 2020 water levels for the Evangeline Aquifer generated by kriging the measured water levels (KWL interpolation on the left) and 
calculated residuals calculated by detrending the measured water levels (KRS interpolation on the right)  
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Figure 5-6 Contours of standard deviations for the Chicot Aquifer water levels from kriging the measured water levels (KWL interpolation on the left) and 
kriging the residuals calculated by detrending the measured water levels (KRS interpolation on the right)  
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Figure 5-7 Comparison of the measured 2020 water levels and water levels calculated from cross-validation at 
105 wells located in the Chicot Aquifer. (the dash black line represent a perfect match) 
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Figure 5-8 Comparison of the measured 2020 water levels and water levels calculated from cross-validation at 
111 wells located in the Evangeline Aquifer. (the dash black line represent a perfect match) 
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6.0 EXPANSION OF MONITORING WELL NETWORK WITH 

CONSIDERATION FOR SUPPORTING GEOSTATISICAL ANALYSIS 

OF DATA 

6.1 BACKGROUND 

The construction and maintenance of a comprehensive groundwater monitoring network is among the 

more costly activity that GCDs perform. Identifying favorable monitoring well locations is time 

consuming. Installation of wells is expensive. Securing leasing is resource intensive. And, obtaining and 

analyzing data is the trifecta: it is time-consuming, expensive, and resource intensive. Consequently, 

GCDs should have a well-reasoned and thought monitoring objectives and approach for accomplishing 

the said objectives before embarking on expansion of their monitoring well network.  

This section is to provide a framework with CCGCD, TGCD, RFGCD, and VCGCD to expand their 

monitoring network. For convenience of brevity, these four GCDs will be referred to in the collective as 

the Districts. The framework will include identifying monitoring objectives based on a stakeholder based 

process and a systematic process for prioritizing the locations for additional monitoring wells.  

6.2 CONSIDERATIONS FOR EXPANSION OF MONITORING WELL NETWORK  

The considerations for the monitoring well expansion includes the monitoring responsibilities identified 

in Section 5.2 and a stakeholder-based evaluation of project priorities (Young, 2013). . Among the GCDs  

management responsibilities related to monitoring  water levels is evaluating compliance ǘƻ ǘƘŜ D/5Ωǎ 

DFC.. The importance of evaluating DFC compliance was echoed in the responses from a Groundwater 

Advisory Committee (GWAC) that was created by VCGCD that consisted of stakeholders that 

represented different groups of groundwater users in Victoria County. Young (2013) present the results 

of two surveys regarding groundwater issues, discussion and selection of potential projects, and a 

ranking of thirteen projects that were developed as one-page descriptions that included an estimated 

cost for the project.  

Table 6-1 lists the ranking of 13 projects evaluated by the GWAC. The three bolded projects are 

associated with the collection and analysis of water level data from a monitoring well network. The 13 

projects were ranked by each GWAC member with a of score 1, 2, 3, or 4, which represented a resource 

utilization of poor, fair, good, and excellent respectively. The final ranking for each project was based on 

the average of the rankings assigned to the project by the stakeholders. Table 6-1 provides the average 

scores for the projects. The average scores ranged between 3.75 to 1.75. Five projects were assigned a 

high resource utilization ranking. Three projects were assigned a moderate resource utilization ranking. 

Four projects were assigned a low resource utilization score 

Out of the three projects involving the collecting and analyzing groundwater water level data, one 

project was rated as high and two projects were rated as low. The project with a high-priority rating was 

ǘƛǘƭŜŘΥ άtǊƻƧŜŎǘ сΥ aŜǘƘƻŘƻƭƻƎȅ ŦƻǊ Analyzing Monitoring Data to Document Changes in Aquifer 

Conditions, Address District Concerns, and Evaluate Conformance with Desired Future Conditions 

ό5C/ǎύΦέ The two projects with low-ǇǊƛƻǊƛǘȅ ǊŀǘƛƴƎǎ ǿŜǊŜ ǘƛǘƭŜŘΥ άtǊƻƧŜŎǘ млΦ Measurement of Water 

Levels in Vertically-staged Monitoring Wells to help estimate Vertical Groundwater Flow and to help 
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Monitor/Analyze Water Level Dataέ ŀƴŘ άtǊƻƧŜŎǘ ммΦ Conceptualization and Characterization of 

Groundwater-Surface Water Interactions Based on Changes in Monitored Water Levels and Water 

vǳŀƭƛǘȅ aŜŀǎǳǊŜƳŜƴǘǎΦέ ¢ƘŜ ǘǿƻ ƭƻǿ-rated projects have appreciable overlap with four of the eight 

water level related issues discussed in Section 5.2 that involve monitoring groundwater levels.  

Table 6-1 Groundwater Advisory Committee Stakeholder Ranking of Proposed Project from Young, (2013) . 
The three bolded projects are associated with the collection and analysis of water level data from a 
monitoring well network.  

Resource 

Utilization Proposed Project 

Group Score 

High 

3.5 
Project 1. Assessment of the GMA 15ôs GAM and Recommendations to Improve the GAM 
Capabilities to Help GCDs achieve their Goals and Objectives.  

3.5 
Project 2. Literature Search for Hydraulic Test Data in Victoria County to Help Estimate Aquifer 
Hydraulic Properties to Improve Predictions of Pumping Impacts and Sustainability 

3.5 
Project 3. Large-Scale Aquifer Test(s) to Characterize Aquifer Properties and Improve the 
Conceptualization of Groundwater Flow System in Victoria County 

3.75 
Project 5. Development of Pumping-Impact Assessment Tool(s) Capable of Evaluating Water 
Level Change and Zone of Capture Associated with High-capacity Wells, Injection Wells, ASR 
operations, and Development of Brackish Water 

3.5 
Project 6. Methodology for Analysing Monitoring Data to Document Changes in Aquifer 
Conditions, Address District Concerns, and Evaluate Conformance with Desired Future 
Conditions (DFCs) 

3.5 
Project 12. Evaluation of Recharge Rates Estimated from Previous Field Studies and 
Collection and Analysis of Additional Field Data  

Moderate 

3 
Project 4. Data-Gap Analysis of Well Construction Information and Identification of Wells Most 
Susceptible to Drawdown Impacts 

3 Project 8. Evaluation of the Sustainability of Groundwater Resources Using the GAM 15 GAM 

2.75 
Project 9. Development of Adaptive Monitoring Practices to Achieve Sustainability of 
Groundwater Resources 

Low 

1.75 
Project 7. Assessment of the Potential for Injection and Disposal Wells to Adversely Impact 
Groundwater Resources 

2.25 
Project 10. Measurement of Water Levels in Vertically-staged Monitoring Wells to help 
estimate Vertical Groundwater Flow and to help Monitor/Analyze Water Level Data 

1.75 
Project 11. Conceptualization and Characterization of Groundwater-Surface Water 
Interactions Based on Changes in Monitored Water Levels and Water Quality 
Measurements 

2.25 
Project 13. Characterization of the Water Quality Based on Analysis of Well Monitoring and 
Analysis of Geophysical Logs 

Based on GCD responsibilities in the TWC and responses from the GWAC created by VCGCD, the primary 

objective of the monitoring program should be to document changes in aquifer conditions over time and 

to evaluate compliance with DFCs. Additional objectives that should be deemed of considerably less 
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importance would be to monitor groundwater levels near river gauges and to monitor water levels in 

vertically staged monitoring wells.  

6.3 GENERAL APPROACH FOR IDENTIFYING CANDIDATE MONITORING WELL 
LOCATIONS  

INTERA has assisted numerous GCDs with expanding their groundwater wells monitoring locations 

(Young, 2013, Young, 2014, Young, 2015a,b,c; Oliver and Piemonti, 2018; INTERA, 2012a,b; Young and 

others, 2015). Although each of these applications are different in their monitoring well selection 

criteria, the general approach used for each application is similar. The process involves the three 

following steps: 

Á Step 1. 5ŜŦƛƴŜ ǘƘŜ ƻōƧŜŎǘƛǾŜǎ ƻŦ ǘƘŜ D/5 ƳƻƴƛǘƻǊƛƴƎ ǿŜƭƭ ǇǊƻƎǊŀƳ ŀƴŘ ƛŘŜƴǘƛŦȅ ǘƘŜ D/5Ωǎ ŎǳǊǊŜƴǘ 
set of monitoring well locations  

Á Step 2. Identify candidate wells that appear suitable for use as monitoring wells by searching the 
GCD database of exempt wells and/or the TWDB database of submitted driller reports (SDRs).  

Á Step 3. Identify areas where additional monitoring wells would provide beneficial water level 
information for accomplishing the district goals.  

Á Step 4. Overlap the location of candidate wells with the monitoring areas of interest and select a 
set of candidate wells for each monitoring area.  

Á Step 5. Prioritize the monitoring area of interest and prioritize and select the candidate wells per 
monitoring area based on available well specifications and the GCD monitoring objectives 

Á Step 6. Tabulate the selected candidate wells by monitoring area and include relevant well 
information. Identify areas where new wells would provide the most beneficial areas if no 
candidate wells exist.  

Among the key factors that affect how the six steps are implemented are the complexity of the site 

geology, the monitoring objectives, and the GCD area extent. A high-level summary of the approach can 

be visualized using results from its application for the Coastal Plains GCD in Matagorda County. The 

upper image in Figure 6-1 summaries several key features, which include the locations of candidate 

wells with and without screen information, 11 monitoring areas of interest, and the locations of four 

existing monitoring wells. The monitoring areas of interest were delineated based on differences in 

production types and amounts. The candidate wells were based on water use type, aquifer assignment, 

installation date, screen interval, and well diameter. After culling the candidate wells based on selection 

criteria, the highest rated candidate wells kept for final consideration by the GCDs for their monitoring 

program. Final selection of the additional monitoring well was required a obtaining a candidate well or 

drilling a new well.  

6.4 IDENTIFICATION OF CANDIDATE WELLS AND WELL LOCATIONS  

6.4.1 Current Well Monitoring Network and Candidate Wells for Expanding the Network  

The candidate wells for wells for the monitoring network for the Districts consists of three groups of 

wells. Wells in each of these groups were assigned to either the Chicot or the Evangeline Aquifer based 

on their well depth and the aquifer surfaces associated with the GMA 15 current GAM (Chowdhury and 

others, 2004). Figure 6-1 shows the location of the wells belonging to each group for the Chicot and the 
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Evangeline aquifers. Well Group 1 consists of wells that have been monitored for at least one water 

level from 2016 to 2021. These wells are shown as red squares. Well Group 2 consists of wells that were 

monitored at least once from 2000 to 2015 but were not monitored from 2016 to 2021. These wells are 

shown as black dots. Well Group 3 consists of wells that have been installed since 2021 and are a part of 

the TWDB SDR database. These wells are represented as gray dots.  

For each of the four counties that comprise the Districts, we have assumed that the initial monitoring 

network can be reasonably represented by wells in Well Group 1 and Well Group 2. The working 

assumption is that the GCDs will have about a 90% and about a 70% chance of obtaining permission to 

monitor Well Group 1 and Well Group 2, respectively.  

Well Group 3 are the location of candidate wells that could be used to expand the monitoring well 

network. The presumption is that there is about a 20% chance that a GCD will be able to reach a 

monitoring agreement with an owner of a Group 3 well. SDR wells that were considered as candidate 

wells include those with well use types of domestic, livestock, rig supply, and irrigation. SDR wells that 

were not considered as candidate wells include those with municipal, mining, and industrial use.  

6.4.2 Monitoring Areas Where Beneficial Water Levels Can be Measured  

Three priority levels were used to categorize the proposed locations for new monitoring wells. Table 6-2 

provides a brief explanation of the three levels. Level 1 is the highest priority. Level 3 is the lowest 

priority and Level 2 is an intermediate priority.  

Table 6-2 Description of the Three Monitoring Levels that are Assigned to Proposed Areas for Expansion of 
the Monitoring Network  

Monitoring Level Purpose 

Level 1 
Highest 
Priority 

Fill in gaps in well coverage to support geostatistical analysis that produce 
continuous water level surfaces that can be used to estimate temporal changes in 
water levels and flow directions and to check DFC compliance.  

Level 2 
Intermediate 

Priority 

Obtain access to a former rig supply well that is located in an area where a Group 2 
well may not be accessible or where monitoring a rig supply well would be preferred 
over a Group 2 well. In some cases, to monitor an area where no wells are in the 
current monitoring well network.  

Level 3 Low Priority 
Provide the opportunity to monitor groundwater -surface water interaction by 
measuring water level in a shallow groundwater well located in the vicinity of a 
stream gauge.  

Figure 6-2 shows the shows circular areas in which the addition of a monitoring well is proposed. All of 

the monitoring areas in Figure 6-2 have a Level 1 priority. A Level 1 priority is assigned to areas where 

the closest exiting monitoring well is no less than 5 miles away. In general, the Level 1 monitoring areas 

are located in areas where the kriging variance are relatively high (see Section 5.3.1). The addition of a 

new well in a Level 1 monitoring areas should have a much greater impact on decreasing the uncertainty 

associated with the calculated average water level across the county than a randomly placed monitoring 

well.  

The candidate wells contained in the Level 1 monitoring areas are listed in the Texas Water 

Development Board Submitted Driller (SDR) database. The SDR wells have been installed after 2000 and 

include wells used for different water uses. The SDR wells with municipal, industrial, or mining use are 
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not shown in Figure 6-2 or any subsequent files. They were deemed undesirable because they typically 

have relatively high productions and pumping all year round. The SDR candidate wells shown in have the 

preferred priority of rig supply wells, then domestic/livestock wells, and then irrigation wells. The final 

decision regarding which candidate well would serve as the best monitoring well should be made after 

inspection of local conditions including the well condition, nearby pumping, and local access.  

Figure 6-3 shows monitoring areas that have a Level 2 priority. A Level 2 priority area contains one or 

more rig wells of interest. Rig wells were installed primarily to provide water for drilling a large and deep 

well such as an oil exploration borehole/well. After the well or borehole has been completed, the 

owners of the rig wells tend to be more cooperative than owners of other types of well owners in terms 

of providing a GCD access for monitoring the water well. Besides often being easier to gain monitoring 

access, rig wells have the additional benefit of not being pumped after they have fulfilled their purpose  

The Level 2 monitoring areas provide an opportunity to reenforce an/or provide duplication in an area 

where a Group 2 well already exist.  In these areas, additional water level data would help to  help to  

reduce the kriged variance at the well location and provide for a better variogram analysis.  

Figure 6-4 shows monitoring areas that have a Level 3 priority. The Level 3 monitoring areas are located 

close to stream gauges and include wells that are less than 100 feet deep. The monitoring areas have 

the potential to serve as a field site to collect information on groundwater ς surface water interactions.  

6.4.3 Proposed Well Monitoring Network  

Figures 6-5, 6-6, 6-7, and 6-8 show the proposed well monitoring network for Calhoun, Jackson, Refugio, 

and Victoria counties, respectively. 9ŀŎƘ ŎƻǳƴǘȅΩǎ ǿŜƭƭ ƴŜǘǿƻǊƪ Ŏƻƴǎƛǎǘǎ ƻŦ ǇǊŜǾƛƻǳǎƭȅ ƳƻƴƛǘƻǊŜŘ ǿŜƭƭǎ 

and proposed new well locations. The existing monitoring wells are comprised of two well groups: 

Group 1 and Group 2. Group 1 wells have been monitored since 2016. Group two wells have been 

monitored between 2000 and 2016. The proposed  areas for new  locations are designated by prioritu 

levels 1 to 3.  Only one new monitoring well per monitoring area I proposed.  Table 6.2 explains the 

purpose for the different priority levels. As mentioned previously, a primary reason for the Level 2 wells 

is to provide redundancy for the Group 2 wells, which may not be available for future use by a GCD.  

Table 6.3 lists the number of wells that have been previously used to monitor water levels and the 

number of proposed new locations for monitoring wells by county and by aquifer. We anticipate that at 

several existing and proposed well locations, no well may be available for the GCD to monitor. In a few 

of these situations, the GCD may chose not to lease a well but to drill a new well. One of the problems 

associated with drilling a new well will be securing the right to drill. Among the options to drill is obtain 

access to land associated with TXDOT right aways, lands associated with state and federal lands.  

Appendices 7A, 7B, 7C, and 7D list the candidate wells associated with the proposed monitoring areas. 

These four appendices provide the latitude and longitude, the SDR number, and well use, well depth, 

aquifer, and the well ownerΩǎ name for each well. Appendix 2A lists the wells that have been previously 

monitored. Appendix 2A lists the latitude and longitude, the SWN number, and well use, well depth, and 

aquifer. Table 6.4 lists the number of candidate wells associated with the monitoring areas for Calhoun, 

Jackson, Refugio, and Victoria counties. 
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Table 6-3 Distribution of Existing and Proposed New Well Location for the Monitoring Network for Calhoun, 
Jackson, Refugio, and Victoria Counties  

County Aquifer 
Existing Wells Proposed New Well Locations (SDR) Total  

Group 1 Group 2 Level 1 Level 2 Level 3 Existing Proposed  

Calhoun 
CH 11 9 4 3 1 20 8 

EV 0 0 0 0 0 0 0 

Jackson 
CH 58 22 3 4 3 80 10 

EV 5 3 5 0 0 8 5 

Refugio 
CH 13 14 4 3 0 27 7 

EV 2 7 3 2 0 9 5 

Victoria 
CH 39 45 2 2 2 84 5 

EV 16 26 5 3 2 42 10 

Total  
CH 121 90 12 12 6 211 30 

EV 23 36 13 5 2 59 20 

Table 6-4 Number of Candidate Wells associated with the Monitoring Areas for Calhoun, Jackson, Refugio, 
and Victoria Counties  

County Aquifer 
Proposed New Well Locations (SDR) 

Total  
Level 1 Level 2 Level 3 

Calhoun 
CH 28 10 8 46 

EV       0 

Jackson 
CH 27 27 7 61 

EV 7 -- 7 

Refugio 
CH 18 34 -- 52 

EV 14 4 -- 18 

Victoria 
CH 25 8 11 44 

EV 36 13 6 55 

Total  
CH 88 79 26 193 

EV 57 17 6 80 
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Figure 6-1 Location of eleven monitoring areas where addition monitoring wells would benefit the monitoring 
network for Coastal Plains GCD with locations of exempt wells that could server as monitoring 
wells (top image) and with five to ten wells proposed for per monitoring area as the preferred 
candidates for the single monitoring well to represent that monitoring area.  
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Figure 6-2 Proposed Level 1 Monitoring Areas for the Chicot and Evangeline aquifers in Calhoun, Jackson, Refugio, and Victoria counties with locations of 
wells with Submitted Drillers Reports.  






























